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SUMMARY 


The  primary  objective  of  the  Thermonuclear  Effects  on  Reactive  Array  Radome 
Materials  program  was  to  establish  the  inherent  environmental  hardness  of  a 
reactive  array  radome  structure. 

The  objectives  were  accomplished  by  exposing  reactive  array  radome  panels 
to  the  most  critical  and  degrading  environments  encountered  by  operational 
strategic  and  tactical  military  aircraft,  rhese  environments  included  light- 
ning strike,  precipitation  static  dissipation,  EMP  attenuation,  and  multiple- 
thermonuclear  pulse  exposure.  RE  electrical  transmission  tests  were  run  in  a 
two-horn  interferometer  on  each  test  panel  before  and  after  each  environmental 
exposure . 

The  reactive  array  radome  panels  successfully  completed  all  environmental 
tests  with  no  structural  or  RE  electrical  degradation.  The  thermonuclear  test 
panels  showed  only  minor  paint  discoloration  and  blistering  after  10  exposures 
to  flux  levels  greater  than  55  cal/cm^.  The  lightning  strike  testing  caused 
only  local  damage  in  the  strike  area  with  no  penetration.  The  panels  dissi- 
pated a 40-microampere-per- square- foot  continuous  discharge  without  coating 
puncture,  breakdown,  or  streamering.  The  panels  exhibited  good  EMP  attenuation, 
with  a shielding  effectivity  of  greater  than  20  dB  in  the  HF  frequency  band. 

The  reactive  array  radome  concept  has  demonstrated  its  ability  to  with- 
stand the  harshest  environments  without  significant  electrical  or  structural 
degradation.  As  reactive  array  radome  designs  are  developed  and  refined,  this 
concept  can  nuclearly  harden  these  critical  aircraft  structures. 
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PREFACE 


This  report  describes  the  investigation  conducted  to  determine  the  total 
environmental  hardness  of  reactive  array  radomes.  Reactive  array  radome  panels 
were  exposed  to  multiple  thermonuclear  pulses,  lightning  strike,  humidity,  EMP , 
and  thermal  shock.  The  panels  were  also  checked  for  precipitation  static 
dissipation  characteristics.  The  results  of  these  tests  are  reported. 

This  work  was  funded  by  the  Defense  Nuclear  Agency  under  contract  DNA  001- 
77-C-0092.  The  contract  officers  were  Major  David  Garrison  and 
Captain  Mike  Rafferty.  The  period  of  performance  was  from  April  1977  to 
31  November  1977. 

The  authors  wish  to  thank  Major  Garrison  and  Captain  Rafferty  for  their 
guidance  and  support  during  the  performance  of  this  contract.  The  authors 
would  also  like  to  acknowledge  the  Air  Force  Avionics  Laboratory  (AFAL) , 

Air  Force  Materials  Laboratory  (AFML) , Merel  Corporation,  Lightning  and 
Transients  Research  Institute,  and  Stanford  Research  Institute  (SRI)  for  their 
invaluable  discussions  and  test  participation  during  the  course  of  this 
contract . 
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BACKGROUND 


Due  to  advances  in  thermonuclear  technology,  the  utilization  of  tactical 
nuclear  weapons  as  a defensive  threat  against  military  aircraft  is  becoming 
increasingly  probable.  This  coupled  with  the  existing  offensive  first  strike 
threat  deems  it  increasingly  important  for  these  aircraft  to  be  hardened 
against  the  environments  produced  by  an  endoatmospheric  thermonuclear  explosion. 
These  hardening  factors  should  be  considered  at  all  stages  of  aircraft  system 
design  and  development. 

Forward- facing  aircraft  radomes  are  subject  to  static  charge  accumulation 
and  flash  discharge  if  the  surface  material  is  not  electrically  conductive.  To 
achieve  surface  conductivity  with  an  insulating  nonmetallic  substrate,  it  has 
been  necessary,  in  the  past,  to  coat  the  exterior  surface  with  a carbon- filled 
paint  or  erosion- resistant  coating.  This  black  exterior  surface  renders  the 
radome  extremely  vulnerable  to  degradation  from  exposure  to  thermonuclear 
radiation.  The  increased  use  of  onboard  computers  and  advanced  electronics  has 
made  the  antistatic  requirements  vital,  while  the  increased  nuclear  survi- 
vability requirements  have  caused  a direct  conflict  in  requirements  with  no 
apparent  conventional  solution.  A review  of  the  theoretical  research  done  at 
Ohio  State  University,  in  the  field  of  reactive  array  radomes,  has  led  Rockwell 
to  embark  on  an  in-house  manufacturing  feasibility  program  in  this  area. 

Rockwell  believes  these  "conductive  metal"  radomes  hold  great  promise  in 
solving  the  conflicting  requirements  for  antistatic  and  nuclearly  hard  radomes. 

Before  these  reactive  array  radomes  can  move  from  a position  of  electro- 
magnetic theory  and  laboratory  curiosity  to  flight  hardware,  they  must  demon- 
strate their  ability  to  survive  the  most  hostile  aircraft  environments,  as  well 
as  demonstrate  their  ability  to  solve  the  precipitation  static  problems  which 
have  plagued  forward- facing,  nonmetallic  radomes  and  antennas  on  modem  air- 
craft. Under  this  contract,  Rockwell  International,  Los  Angeles  Division  (LAD) 
tested  X-  and  Ku-band  reactive  array  radome  panels  in  the  harshest  aircraft 
environments;  thermonuclear  pulse  and  lightning  strike.  Also  determined  was 
its  EMP  shielding  effectiveness  at  UF  and  VHF  frequencies.  During  this  pro- 
gram, the  precipitation  static  properties  of  this  electromagnetic  window  design 
were  also  determined.  LAD  utilized  its  unique  experience  to  conduct  this 
9-month  program  in  support  of  the  Defense  Nuclear  Agency's  investigation  of 
the  response  of  reactive  array  radomes  when  subjected  to  thermonuclear  pulses, 
simulating  those  produced  from  the  endoatmospheric  detonation  of  thermonuclear 
weapons . 
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The  reactive  array  radome  test  panels  were  fabricated  utilizing  the 
techniques  developed  during  an  in-house  funded  manufacturing  feasibility  pro- 
gram. These  panels  were  fabricated  with  fiberglass-reinforced  epoxy  (CE-9000 
epoxy  E glass,  Ferro  Corporation,  Culver  City,  Calif.J  substrates  or  structural 
plies  with  copper  reactive  array  faces.  Copper  arrays  were  designed  for 
optimum  performance  at  X-  and  Ku-band  frequencies.  The  metal  thickness 
utilized  was  0.004  and  0.014  inch.  The  reactive  array  slot  pattern  was  photo- 
etched  into  the  copper  wick  0.001  tolerance  on  all  dimensions.  Figures  1 and 
2 illustrate  the  X-  and  Ku-band  array  patterns.  Each  design  was  tested  in  two 
common  finish  configurations,  white  Mil-C-83286  and  white  fluoroelastomer  rain 
erosion  coating.  RF  energy  transmission  tests  were  run  on  each  series  of 
reactive  array  panels  before  and  after  the  environmental  testing  to  determine 
possible  panel  electrical  performance  degradation.  The  test  procedure  used  was 
the  two-hom  interferometer  transmission  as  detailed  in  appendix  A.  The  array 
transmission  plots  are  recorded  in  Figures  3 through  7.  Figure  3 is  the  hom- 
to-hom  transmission  curve  used  for  calibration.  Figure  4 is  RF  transmission 
at  0°  incidence.  Figure  5 is  RF  transmission  at  20°  incidence.  Figure  6 is 
RF  transmission  at  40°  incidence.  Figure  7 is  RF  transmission  at  60°  incidence. * 
As  illustrated  by  these  tests,  the  reactive  array  test  panels  averaged  greater 
than  80  percent  RF  transmission  from  0°  to  60°  angle  of  incidence.  After  com- 
plete environmental  testing,  no  appreciable  RF  transmission  degradation  was 
recorded,  as  illustrated  in  Figures  8 through  12.  As  previously  described, 
these  figures  are  a calibration  test  with  no  panel  and  transmission  curves 
for  0°,  20°,  40°,  and  00°  angles  of  incidence  through  the  reactive  array- 
panels. 

The  Ku-band  test  panel  structural  thickness  was  0.090  inch.  The  X-hand 
test  panel  structural  thickness  was  0.180  inch.  One  or  two  test  panels  were 
evaluated  at  each  test  condition  for  each  environment  as  detailed  in  the 
following  paragraphs. 
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Figure  1.  X-hand  array  pattern. 
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ctcst  calibration  curves. 


»■»••»■■■■ m 


Inn 


Figure  6.  Pretest  40°  transmission  cut. 


giirc  7.  Pretest  60°  transmission  cut. 


Posttcst  0°  transmission  cut. 
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Figure  12.  Posttest  60°  transmission 


SECTION  II 
LIGHTNING  STRIKE 


The  lightning  strike  testing  was  conducted  in  accordance  with  an  SAE 
committee  AE4  special  task  F report,  "Lightning  Test  Waveforms  and  Techniques 
for  Aerospace  Vehicles  and  Hardware,"  dated  5 May  1976.  The  testing  was  per- 
formed at  the  Lightning  and  Transients  Research  Institute,  Minneapolis, 
Minnesota,  under  the  direction  of  Mr.  John  Robb.  The  following  tests  were 
run. 


1 . High-Voltage,  Long -Arc 


Li  1 

a. 

To  determine  any  peculiarities  such  as  greater  tendency  to 
streamer  and  attract  strokes 

i b- 

Long  wave 

c. 

Chopped  wave  — Interrupted  discharge  for  maximum  streamer 
visibility 

2.  Individual  Components  (no  windstream,  zone  1) 

a. 

High  current , 200  ka 

, [_ 

If- 

b. 

Intermediate  current,  15  coulombs,  5 ka 

c. 

Long  duration,  200-300  amperes  per  second 

3.  Composite  swept  stroke 

' 

a. 

High  current 

b. 

Intermediate 

c- 

Long  duration 

i . 

d. 

Fired  as  a single  discharge  over  center  of  panel  after  long- 
duration  current  arc  is  swept  from  edge 

c. 

Continuing  component  — 200  amperes  swept  to  middle  of  panel,  and 

then  combined  high-current  and  intermediate -component  restrike 
fired  to  center  of  panel 


^ 


4 


20 


HIGH-VOLTAGE,  LONG-ARC  TEST 


The  high-voltage,  long-arc  tests  were  run  at  1,000,000  volts  and 
15,000  amperes.  The  panel  was  suspended  1 meter  above  the  floor  with  a spike 
ground  50  millimeters  from  the  centerline  of  the  inside  surface  of  the  radome. 
The  high-voltage  lead  was  then  suspended  60  centimeters  above  the  grounded 
test  panel.  The  high-voltage  lead  potential  was  energized  until  it  arced  to 
the  surface  of  the  test  panel.  This  test  is  illustrated  in  Figure  13. 

Test  I.  X-band  array  panel  0.240- inch  thick,  coated  with  0.003  white 
MIL-C-83286,  clad  with  0.014- inch-thick  copper  array.  After  test,  the  panel 
suffered  no  electrical  or  structural  damage.  Three  1/16-inch  pin  holes  were 
observed  in  the  coating.  No  metal  or  array  damage  of  any  kind  was  detected. 

Test  II.  X-band  array  panel  0.220- inch  thick,  coated  with  0.003- inch 
white  MIL-C-83286,  clad  with  0.004-inch-thick  copper  array.  After  test,  the 
panel  suffered  no  electrical  of  structural  damage.  Four  1/16-inch  pin  holes 
were  observed  in  the  coating.  No  metal  or  array  damage  of  any  kind  was 
detected. 

Test  III.  X-band  array  panel  0.140-inch  thick,  coated  with  0.014  inch  of 
MIL-C-83231  polyurethane  rain  erosion  coating,  clad  with  0. 014- inch-thick 
copper  array.  After  test,  the  panel  suffered  no  electrical  or  structm'al 
damage.  One  1/16- inch  pin  hole  was  observed  in  the  coating.  No  metal  or  array 
damage  of  any  kind  was  detected. 

Test  IV.  X-band  array  panel  0.140- inch  thick,  coated  with  0.014  inch  of 
white  fluoroelastomer  rain  erosion  coating,  clad  with  0.014-inch-thick  copper 
array.  After  test,  the  panel  suffered  no  electrical  or  structural  damage. 

Four  1/32-inch-diameter  pin  holes  were  observed  in  the  coating.  No  metal  or 
array  damage  of  any  kind  was  detected. 

Test  V.  Ku-band  array  panel  0.120-inch  thick,  coated  0.014-inch  thick  with 
MIL-C-83231  polyurethane  rain  erosion  coating,  clad  with  0.004  thick  copper 
array.  After  test,  the  panel  suffered  no  electrical  or  structural  damage.  A 
1/16- inch -diameter  pin  hole  was  observed  in  the  coating.  No  metal  or  array 
damage  was  detected. 

Test  VI.  Ku-band  array  panel  0.120-inch  thick,  clad  with  0.004- inch-thick 
copper,  exterior  coated  with  0.012  inch  of  white  fluoroelastomer  rain-erosion- 
resistant  coating.  After  test,  the  panel  suffered  no  electrical  or  structural 
damage.  Two  1/32- inch-diameter  pin  holes  were  observed  in  the  coating.  No 
metal  or  array  damage  was  detected. 
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High-voltage,  long-arc  test. 


HIGH-VOLTAGE  CHOPPED  WAVE 


The  high-voltage  chopped  wave  tests  were  run  at  1,000,000  volts  potential. 
The  panel  was  set  up  in  the  same  manner  as  the  long  arc  tests;  however,  a 
second  slightly  shorter  ground  gap  was  installed  in  the  circuit.  As  the 
potential  was  increased,  a high  charge  is  induced  in  the  panel.  This  energy  is 
discharged  by  streamering  or  corona  to  ground.  Streamering  indicates  a high- 
charge  area  or  irregularity  in  the  radome  panel.  The  same  panels  used  for  long- 
arc  tests  were  reused  for  this  test.  No  streamering  was  observed  from  the 
panel.  A general  corona  formed  between  the  energy  probe  and  the  panel.  This 
chopped  wave  test  with  corona  formation  is  illustrated  in  Figure  14. 


INDIVIDUAL  COMPONENTS 

A lightning  strike  is  a composite  of  several  individual  events:  a high 
current  200,000  ampere  flow,  an  intermediate  current  of  15  coulombs  at 

5.000  amperes  and  a long-duration  strike  of  200  to  500  amperes  for  1 second. 
These  components  were  run  individually  on  each  type  of  reactive  array  panel 
without  an  airstream. 

Tests  XIII  through  XIX  were  high-current  tests  run  at  46,000  volts  and 

200.000  amperes.  This  is  the  most  damaging  component  of  a lightning  strike. 

As  will  be  shown,  damage  was  minor  in  all  cases. 

Test  XIII.  X-band  array  panel,  0.220- inch  thick,  clad  with  0.004- inch- 
thick  copper,  exterior  coated  with  0.014  inch  of  Mil-C-83231  polyurethane  rain 
erosion  coating.  After  test,  severe  exterior  metal  damage  was  evident  in  a 

3-  inch-diameter  area.  No  structural  damage  was  evident;  the  rest  of  the  panel 
was  undamaged.  The  damaged  area  is  shown  in  Figure  15. 

Test  XIV.  X-band  array  panel,  0.240-inch  thick,  clad  with  0.014- inch- thick 
copper,  exterior  coated  with  0.014-inch  of  Mil-C-83231  polyurethane  rain 
erosion  coating.  After  test,  severe  exterior  metal  damage  was  observed  in  a 
1- inch-diameter  area.  The  coating  was  reverted  in  a 6 -inch- diameter  area 
indicating  surface  temperatures  were  above  400°  F in  this  area.  No  structural 
damage  was  observed,  and  the  remainder  of  the  panel  was  undamaged.  The  damage 
area  is  illustrated  in  Figure  16. 

Test  XV.  Ku-band  array  panel,  0.1 20 -inch  thick,  clad  with  0.004- inch - 
thick  copper  exterior  coated  with  0.014- inch  of  Mil-C-83231  polyurethane  rain 
erosion  coating.  After  test,  severe  exterior  metal  damage  was  observed  in  a 

4-  inch -diameter  area.  No  structural  damage  was  evident.  The  damage  area  is 
shown  in  Figure  17. 
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Figure  16.  200,000-ampere  discharge  to  14-mil  array. 


Test  XVI.  Hi-band  array  panel,  0.140- inch  thick,  clad  with  0.014-inch- 
thick  copper,  exterior  coated  with  0.014- inch  of  Mil-C-83231  polyurethane  rain 
erosion  coating.  After  test,  it  was  observed  that  the  metal  had  been  removed 
from  the  panel  in  a 3/4- inch-diameter  area  on  the  exterior  surface.  The  panel 
was  not  structurally  damaged,  and  no  other  surface  damage  was  evident.  The 
damaged  area  is  shown  in  Figure  18. 

Test  XVII.  Ku-band  array  panel,  0.120-inch  thick,  clad  with  0.004-inch- 
thick  copper,  exterior  coated  with  0.003- inch- thick  white  aliphatic  polyure- 
thane paint.  After  test,  severe  exterior  metal  damage  was  evident  in  a 3-inch- 
diameter  area.  The  surface  was  smoked  in  a 1 -foot-diameter  area.  No  structural 
damage  was  evident.  The  damage  aiea  after  test  is  shown  in  Figure  19.  Fig- 
ure 20  shows  the  same  damage  area  after  wiping  with  a rag.  This  indicates  that 
no  surface  damage  occurred  outside  of  the  metal  removal  area. 

Test  XVIII.  Ku-band  array  panel,  0.140-inch  thick,  clad  with  0.014-inch- 
thick  copper,  exterior  coated  with  0.003-inch-thick  white  aliphatic  polyurethane 
paint.  After  test,  severe  exterior  metal  damage  was  evident  in  a 1- inch- 
diameter  area.  The  surface  was  smoked  in  a 1 -foot -diameter  area.  As  in 
Test  XVII,  this  was  surface  deposition  and  wiped  off  clean.  No  structural 
damage  was  evident  on  the  panel.  Figure  21  shows  the  damage  area  before 
cleanup. 

Test  XIX.  X-band  array  panel,  240- inch  thick,  clad  with  0.004 -inch-thick 
copper,  exterior  coated  with  0. 012- inch-thick  fluoroelastomer  rain  erosion 
coating.  After  test,  severe  exterior  metal  damage  was  evident  in  a 3-inch- 
diameter  area.  The  coating  peeled  back  to  an  area  4 inches  in  diameter, 
however,  no  structural  damage  was  found.  The  damage  area  is  shown  in 
Figure  22. 

The  intermediate,  current,  high-coulomb  tests  were  run  on  the  same  panels 
as  tested  for  high  current.  These  tests  were  run  at  15  coulombs  and 
5,000  amperes.  When  the  high-coulomb  strike  was  made  to  a high-current  test 
site,  no  new  damage  was  evident.  This  is  illustrated  in  Figure  23  where  the 
test  panel  used  in  Test  XIX  was  restruck  in  Test  XX.  During  Test  XX,  this 
same  test  panel  was  also  struck  in  an  undamaged  area.  Here  total  metal  removal 
was  observed  on  the  exterior  surface  in  an  area  1/2  inch  in  diameter.  No 
structural  damage  was  observed.  This  damage  area  is  shown  in  Figure  24. 

Test  XXI.  The  panel  tested  in  Test  XVIII  was  used.  Here  the  restrike  to 
the  previously  damaged  area  removed  some  metal  but  caused  no  new  damage.  The 
strike  to  an  untested  area  caused  minor  metal  and  coating  removal  in  a 1/4-inch- 
long  area,  1/8  inch  wide. 


28 


Figure  19.  200,000-ampere  discharge  to  4-mil  array  - no  cleanup. 


•igure  22.  200 ,000 -ampere  discharge  to  4-mil  array 
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Test  XXII.  Used  the  white  Ku-band  panel  used  in  Test  XVIII.  The  restrike 
to  the  previously  damaged  area  caused  no  new  damage,  only  minor  metal  removal. 
The  high-coulomb  strike  to  a virgin  area  caused  minor  metal  damage  in  a spider 
pattern,  1/4-inch  long  and  1/16-inch  wide.  This  damage  is  illustrated  in 
Figure  25. 

Test  XXIII.  Utilized  the  panel  from  Test  XVII.  When  this  0.004-inch- 
thick,  copper-clad  Ku-band  panel  was  restruck  in  the  previously  damaged  area, 
only  minor  metal  removal  was  observed.  No  structural  damage  was  evident.  When 
struck  in  an  undamaged  area,  minor  metal  removal  was  evident  in  an  area 
approximately  1-inch  long  and  1/16- inch  wide,  which  formed  a spider  pattern, 
as  shown  in  Figure  26. 

Test  XXIV.  Utilized  the  panel  from  Test  XIII.  When  this  0.004 -inch -thick, 
copper-clad  X-band  panel  was  restruck  in  the  previously  damaged  area,  only 
minor  metal  removal  was  observed.  This  is  illustrated  in  Figure  27.  When 
struck  in  an  undamaged  area,  only  minor  metal  removal  was  evident  in  an  area 
1/4- inch  long  and  1/8- inch  wide.  No  other  damage  was  observed. 

The  long-duration  strike  is  200  to  300  amperes  for  1 second.  The  reactive 
array  panels  were  unable  to  sustain  a strike  for  a full  second.  The  0.014 -inch- 
thick,  copper-clad  panels  were  able  to  sustain  current  for  0.6  second.  The 
0.004-inch-thick,  copper-clad  panels  would  not  sustain  a current  for  longer 
than  1/10  second. 

Test  XXV.  Utilized  the  panel  tested  in  series  XVIII.  This  0.014-inch- 
thick,  copper-clad  panel  would  sustain  a strike  for  0.6  second  before  termina- 
tion caused  by  metal  removal.  During  this  period,  there  was  severe  metal 
damage  in  an  area  3/4-inch  wide  and  1-1/4-inch  long.  This  damage  area  is 
illustrated  in  Figure  28. 

Tests  XXVI  and  XXVII.  Were  strikes  to  0. 004- inch-thick,  copper-clad 
panels.  Here,  the  thin  metal  would  sustain  a current  for  so  short  a time  that 
the  metal  damage  was  very  slight,  both  in  the  damaged  and  undamaged  areas. 


COMPOSITE  SWEPT  STROKE 

The  composite  swept  stroke  is  fired  in  a 200-knot  airstream,  which  causes 
the  strike  to  sweep  back,  simulating  a strike  to  an  aircraft  in  flight.  The 
composite  swept  stroke  is  fired  as  a single  discharge  over  the  center  of  the 
panel  after  the  long  duration  current  arc  is  swept  from  the  edge  of  the  panel. 
The  continuing  component  is  a 200-ampere  stroke  swept  to  the  middle  of  the 
panel.  The  combined  high-current  and  intermediate -component  restrikes  are 
then  fired  to  the  center  of  the  panel. 


Figure  26.  High-coulomb  strike  to  4-mil  array. 


Test  XXVIII.  Ku-band  array  panel,  0.1 20- inch  thick,  clad  with  0.004 -inch- 
thick  copper,  exterior  coated  with  0. 014- inch-thick  Mil-C-83231  polyurethane 
rain  erosion  coating.  The  lightning  strike  did  not  sweep  to  the  center  of  the 
panel,  and  the  edge  arc  destroyed  the  grounding  area.  This  concluded  testing 
on  this  panel. 

Test  XXIX.  Ku-band  array  panel,  0.140- inch  thick,  clad  with  0.014- inch- 
thick  copper,  exterior  coated  with  0.014-inch-thick  Mil-C-83231  polyurethane 
rain  erosion  coating.  On  this  test,  the  arc  swept  perfectly  to  the  center  of 
the  panel,  causing  coating  damage  in  a 1- inch-diameter  area,  and  metal  removal 
in  a 1/2- inch-diameter  area.  As  shown  in  Figure  29,  the  swept  stroke  damage 
is  far  less  severe  than  the  static,  single-component,  high-current  tests. 

Test  XXX.  X-band  array  panel,  0.240-inch  thick,  clad  with  0.014-inch- 
thick  copper,  exterior  coated  with  0. 014- inch-thick  Mil-C-83231  polyurethane 
rain  erosion  coating.  Again,  the  arc  swept  perfectly  to  the  center  of  the 
panel,  causing  coating  damage  in  a 1 -inch-diameter  area,  with  metal  removal 
in  a 1/2 -inch- diameter  area.  Here  again,  the  damage  was  far  less  severe  than 
the  s ingle- component , static  strike. 

Test  XXXI.  X-band  array  panel  0.1 20- inch  thick,  clad  with  0.004 -inch- 
thick  copper,  exterior  coated  with  fluoroelastomer  rain  erosion  coating.  Again, 
a perfect  center  strike  sweep  was  achieved.  This  strike  caused  metal  damage 
and  removal  in  a 1.5- inch-diameter  area.  As  shown  in  Figure  30,  the  damage  was 
less  severe  than  that  seen  with  a s ingle- component , static  discharge. 
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Figure  29.  Composite  swept  stroke  to  14-mil  array 
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Figure  30.  Composite  swept  stroke  to  4-mil  array 
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SECTION  III 
PRECIPITATION  STATIC 


To  check  the  precipitation  static  dissipation  properties  of  the  reactive 
array  radome  concepts,  a panel  was  grounded  under  a corona  current  probe  with 
an  ammeter  in  the  ground  line.  A corona  current  of  40  microamperes  per 
square  foot  was  discharged  to  the  center  of  the  panel.  The  panel  was  visually 
checked  for  streamering.  No  streamering  was  observed,  and  a continuous 
40 -microampere  discharged  was  recorded  in  the  panel  ground  line.  Reactive 
array  panels  coated  with  MIL-C-83231  polyurethane  rain  erosion  coating, 
MIL-C-83286  aliphatic  polyurethane  exterior  coating,  and  fluoroelastomer  rain 
erosion  coating  in  both  Ku-  and  X-band  configurations  were  checked  with 
0.014-  and  0.004-inch-thick  metal,  and  all  were  found  to  have  the  same  excellent 
static  dissipation  properties,  with  no  streamering  or  arc-over. 


All  EMP  testing  was  performed  in  a Defense  Nuclear  Agency  facility  at  the 
Stanford  Research  Institute  (SRIj.  The  tests  performed  at  SRI  were  under  the 
direction  of  Mr.  Art  L.  Witson. 

The  objective  of  this  series  of  tests  was  to  determine  the  extent  to  which 
those  radome  materials  were  effective  on  shields  against  electromagnetic 
radiation  in  the  EMP  frequency  range.  The  tests  were  actually  conducted  over 
the  HF  and  VHF  frequency  bands;  namely,  from  1 to  100  MHz.  The  test  method 
used  was  one  developed  by  SRI  several  years  ago  and  is  fully  described  in 
SRI  T.M.  24,  "Rectangular  Co-axial  Skin  Tester,"  by  E.  F.  Vance  and 
W.  C.  Wadsworth.  Hence,  it  will  not  be  reviewed  in  any  detail  here.  Essen- 
tially, the  test  fixture  consists  of  two  rectangular  coaxial  transmission  lines 
mounted  side  by  side  with  a common  side,  or  wall.  The  segment  of  material  to 
be  tested  is  inserted  as  an  iris  in  this  wall.  One  of  the  two  transmission 
lines  is  driven  by  a CW  sweep  generator;  the  other  acts  as  a receiving  element 
whose  output  voltage  is  measured.  The  output  of  the  "receiver"  indicates  the 
extent  of  electromagnetic  leakage  between  the  transmission  lines.  Such  leakage 
is,  of  course,  a measure  of  the  shielding  effectiveness  of  the  section  of 
material  which  has  been  inserted  in  the  separating  wall  of  the  two  transmission 
lines. 

Shielding  effectiveness  is  usually  defined  as  the  ratio  of  current  densi- 
ties on  the  two  sides  of  the  separating  wall.  Absolute  measurement  of  this  is 
not  practicable  in  the  present  series  of  tests.  Hence,  an  attempt  was  made 
by  SRI  to  compare  the  electromagnetic  attenuation  through  the  specimens  of 
radome  material  with  the  attenuation  produced  by  bronze  mesh  screens,  whose 
electromagnetic  characteristics  are  better  known  and  defined. 

While  it  might  seem  more  effective  to  compare  the  attenuation  produced  by 
the  radome  materials  with  that  of  an  equivalent  piece  of  dielectric  material, 
such  an  approach  is  unsatisfactory.  The  field  penetration  through  a large 
dielectric- filled  aperture  is  primarily  due  to  the  electric  field,  whereas 
penetration  through  small  slots,  as  in  the  case  of  the  radome  material,  is 
essentially  due  to  the  magnetic  field  only.  Data  taken  by  SRI  with  a fiber- 
glass panel  inserted  in  the  common  wall  of  the  tester  cannot  be  used  as  a 
calibration  base  for  this  reason. 

Accordingly,  the  measurements  provide  only  a relative  measure  of  the 
shielding  effectiveness  of  the  radome  materials,  with  respect  to  the  shielding 
effectiveness  of  the  metal  mesh  materials  tested. 


Unfortunately,  no  absolute  measure  of  the  shielding  effectiveness  of  the 
bronze  mesh  material  used  by  SRI  is  available.  Other  studies  (for  example  by- 
Martin  Marietta  on  the  Sprint  missile  silo  cover,  and  by  Autonetics  on  the 
window  covers  for  the  TACAMO  aircraft)  suggest  a 30-  to  35-dB  level  of  shielding 
effectiveness  in  the  HF  frequency  hand  for  copper  or  bronze  meshes.  This  is 
variable,  however,  depending  on  the  manner  in  which  the  mesh  is  grounded  to 
its  support,  and  may  be  as  little  as  20  dB.  The  SRI  comparative  test  data 
show  almost  identical  attenuation  levels  for  the  bronze  mesh  and  the  radome 
materials.  Attenuation  decreased  by  3 to  4 dB  across  the  whole  frequency  band 
covered  (1  to  100  MHz).  However,  the  relative  attenuation  levels  were  almost 
ident ical . 

The  phase  variation  with  frequency  showed  greater  differences,  the 
radome  material  showing  a stronger  phase  variation  with  frequency: 

It  should  be  noted  that  SRI  conducted  experiments  with  multilayered 
bronze  screens,  as  many  as  four  superimposed  screens  being  tested.  The 
multilayered  screen  increased  the  extent  of  the  attenuation  by  as  much  as  20  dB 
over  a single  screen  of  the  radome  materials. 

1.  The  metal -coated  radome  material  has  attenuation  levels  roughly  equal 
to  that  of  a single  bronze  mesh  screen  across  the  frequency  range  of 

1 to  100  MHz. 

2.  No  absolute  measure  of  shielding  effectiveness  of  the  mesh  is  available, 
but  30  to  35  dB  appears  a good  estimate,  based  on  other  analytical 

and  test  work,  in  the  HF  frequency  band.  However,  this  may  be  opti- 
mistic in  real  life,  as  indicated  previously,  and  a conservative  value 
of  20  dB  is  recommended.  The  shielding  effectivity  is  shown  in 
Figure  31 . 


Attenuat ion 


shielding  effectivity 


SECTION  V 


THERMAL  NUCLEAR  PULSE 


The  thermal  nuclear  pulse  testing  was  performed  at  1A1).  The  thermonuclear 
pulse  test  apparatus  utilizes  commercially  available  quartz -tungsten  infrared 
lamps.  The  most  advanced  array  to  date  employs  29  2,000-watt  bulbs  stacked  in 
an  air-cooled  reflector  that  measures  2-1/2  by  5 by  11  inches.  The  power  to 
the  array  is  controlled  by  a 480-volt,  450-ampere  ignitron  power  supply.  At 
peak  power,  each  bulb  is  operated  at  6,000  watts,  three  times  their  rated 
maximum.  The  power  to  the  array  is  controlled,  via  the  ignitron,  by  a pro- 
grammable data  track  controller.  Using  this  combination  with  the  addition  of 
a triggered  shutter,  precise  thermal  flux  curves  can  be  produced.  By  use  of 
an  aperature,  a very  uniform  exposure  is  achieved  on  a 3-  by  5-inch  area.  The 
peak  flux  obtained  to  date  was  slightly  in  excess  of  70  calories  per  square 
centimeter  per  second. 

The  array  is  coupled  to  a 120-kw  airstream  to  simulate  in-flight  effects 
of  bursts  to  aircraft  surfaces.  Flux  levels  and  pulse  shapes  are  calibrated 
by  use  of  copper  slug  calorimeters  and  a Barnes  R41)  broadband  readiometer. 

The  thermal  nuclear  pulse  shape  used  is  illustrated  in  nondimensional  form 
in  Figure  32.  The  reactive  array  radome  specimens  were  exposed  to  flux  levels 
greater  than  55  calories  per  centimeter  square.  The  specimens  finished  with 
white  polyurethane  rain  erosion  coating  suffered  severe  coating  degradation 
after  1 pulse.  The  low  thermal  resistence  of  the  polyurethane  polymer  (500°  F) 
allowed  the  coating  to  melt  and  flow.  The  specimens  coated  with  the  high- 
temperature  resistant  (500°  F)  fluoroelastomer  rain  erosion  coating  survived 
10  thermal  nuclear  pulses  1 n only  minor  coating  degradation  in  the  form  of 
minor  pinholes.  No  charri  t <as  evident.  The  specimens  coated  with  MIL-C- 
83286  white  aliphatic  polyurethane  paint  survived  the  10  thermal  nuclear  pulses, 
with  only  minor  coating  degradation  similar  to  that  observed  with  the  white 
fluoroelastomer  erosion  coating.  The  minor  pinholing  is  shown  in  Figures  33 
and  34.  Figure  33  illustrates  that  the  thicker  0.014 -inch  copper  with  its 
higher  specific  heat  capacity  pinholed  less  than  the  0.004-inch  copper  shown 
in  Figure  34.  Neither  array  thickness  allowed  discoloration  or  electrical 
degradation  of  the  panels. 
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Thermal  Energy  Emitted  (%) 


4-mil  array  after  thermonuclear  exposure 


SECTION  VI 


CONCLUSIONS 


The  metal  reactive  or  resonant  array  radome  has  demonstrated  its  ability 
to  survive  extremely  hostile  thermal  nuclear  environments  exceeding  flux  levels 
of  55  cal/cm^.  The  reactive  array's  inherent  lightning  protection  abilities 
will  allow  radome  fabrication  without  auxiliary  provisions  for  lightning  pro- 
tection. The  metallized  surface  of  the  radome  provides  total  precipitation 
static  dissipation  with  coating  thicknesses  up  to  0.014-inch  thick.  The  use  of 
a reactive  array  radome  has  been  shown  to  provide  IMP  shielding  effectivities 
greater  than  20  dB,  while  conventional  radomes  provide  no  shielding  of  any  kind. 
The  surface  of  the  react ive  array  radome  can  be  any  conductive  metal  such  as 
copper,  aluminum,  or  nickel.  In  many  cases,  the  use  of  a reactive  array  radome 
will  substantially  reduce  component  weight  by  allowing  the  use  of  a one-fourth 
wave  wall  design  in  place  of  the  one-half  or  full  wave  design  structurally 
required  with  conventional  radome  materials.  Radar  cross  section  reduction  and 
stealth  enhancement  are  significant  contributions  oi  the  reactive  array  radome 
concept.  Stealth  enhancement  is  achieved  with  this  technique  since  RCS  return 
from  bulkheads  and  LRU's  within  the  radome  is  avoided.  This  is  illustrated  in 
Figure  35.  Reactive  array  radomes  are  operational  in  band  widths  up  to  2 
actives  wide.  This  frequency  limitation  is  not  restrictive  except  in  the  case 
of  extremely  broadband  ECM  systems.  This  problem  can  be  avoided  by  the  use  of 
more  individual  radomes  in  various  frequency  bands.  The  laser  hardening 
qualities  of  the  reactive  array  radome  design  have  not  been  demonstrated, 
however,  the  metalized  exterior  surface  should  significantly  increase  laser 
hardness.  The  excellent  hostile  environment  resistance  of  this  radome  design 
concept,  coupled  with  its  potential  electrical  performance  characteristics 
and  low  out  of  band  radar  cross  section,  makes  it  the  most  attractive,  if  not 
the  only,  radome  design  for  thermal  nuclearly  hardened  air  vehicles. 
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Figure  35.  - Stealth  enhancement. 


APPENDIX  A 


The  Measurement  of  Radome  Panel  Transmission 

Radome  panel  transmission  efficiency,  as  it  is  generally  defined,  is  the 
ratio  of  power  transmitted  by  an  antenna  in  the  presence  of  a radome  panel  to 
the  power  that  would  be  transmitted  if  the  radome  panel  were  removed.  By 
virtue  of  the  reciprocity  theorem,  this  transmission  is  the  same  whether  the 
antenna  be  used  as  a receiver  or  as  a transmitter.  Therefore,  the  radome  trans- 
mission efficiency  is  identical  for  transmission  or  reception. 

Radome  panel  transmission  measurements  are  made  by  electrically  aligning 
a transmitter  and  a receiving  antenna  and  noting  the  difference  in  power  output 
when  the  radome  panel  is  placed  between  the  receiving  antenna.  The  relative 
motion  between  the  radome  and  antenna  during  scanning  is  simulated  by  rotating 
! the  radome  panel  about  the  gimbal  axis  of  the  fixed  antenna.  Figure  A-l  shows 

a typical  arrangement  of  equipment  for  making  automatic  transmission  measure- 
ments. The  transmitter,  fed  by  a square-wave  modulated  klystron,  sends  an 
essentially  plane  wave  toward  the  radome  housing  receiving  antenna.  This  wave 
passes  through  the  radome  and  is  picked  up  by  the  receiving  antenna.  The 
output  of  the  antenna  is  detected  by  an  accurate  square -law  device,  such  as  a 
bolometer,  and  is  then  fed  to  an  amplifier  tuned  to  the  modulation  frequency. 

The  amplifier  output  actuates  a linear  recorder  whose  paper  drive  is  linked 
electronically  or  mechanically  to  the  rotation  of  the  radome  about  the  antenna 
gimbal  axis.  The  recorded  output  is  then  directly  proportional  to  the  power  at 
the  receiver.  The  test  procedure  is  to  establish  first  a reference  by  taking 
a measurement  without  the  panel.  The  radome  panel  is  then  put  in  place  and 
rotated  through  the  desired  gimbal  angle,  and  the  output  is  recorded.  Finally, 
a measurement  is  made  again  without  the  panel  to  assure  that  nothing  has 
changed  during  the  measurements . 


Figure  A-l.  - Radome  test  panel  insertion  phase  measurement  (interferometer  method) 
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